Kinetic and Energetic Analysis of Thermally Activated TRPV1 Channels  by Yao, Jing et al.
Biophysical Journal Volume 99 September 2010 1743–1753 1743Kinetic and Energetic Analysis of Thermally Activated TRPV1 ChannelsJing Yao,6 Beiying Liu,6 and Feng Qin*
Department of Physiology and Biophysical Sciences, State University of New York, Buffalo, New YorkABSTRACT Thermal TRP channels are important for thermal sensation and nociception, but their gating mechanisms have
remained elusive. With optically generated submillisecond temperature steps from 22C to >60C, we have directly measured
the activation and deactivation kinetics of TRPV1 channels, and from the measurements we determined the energetics of
thermal gating. We show that activation by temperature follows single exponential time courses. It occurs in a few milliseconds
and is significantly faster than activation by agonists. The gating has characteristics of a melting process involving large compen-
satory enthalpy (>100 kcal/mol) and entropy changes with little free energy change. The reaction path is asymmetrical with
temperature mainly driving the opening while the closing has nominal but negative temperature dependence (i.e., sensitivity
to cold). Both voltage and agonists alter the slope of the temperature-dependent gating curve as well as shifting the midpoint.
However, compared to the energetic effect of temperature on gating, the effect of voltage is small. Our data on the interdepen-
dence between voltage and direct temperature responses are not fit to a model involving independent stimuli but instead support
a temperature-sensing mechanism that is coupled to charge movement or agonist binding.INTRODUCTIONTo interact successfully with the environment, all living
organisms have evolved functions to sense ambient tempera-
ture. In mammals, temperature is perceived by a subpopula-
tion of cutaneous nerve fibers known as thermoreceptors,
and recent findings have implicated ion channels as the
primary transducers. Several temperature-gated channels
with physiologically relevant thresholds have been identi-
fied, most of which belong to the transient receptor potential
(TRP) superfamily (1). Because extreme temperatures
produce pain, thermal TRP channels also have the function
of serving nociception and can be activated by noxious
stimuli of other modalities such as low pH and irritant
chemicals (2).
Thermal TRP channels span several TRP subfamilies
(TRPV, TRPM, and TRPA). They have a common mem-
brane topology similar to voltage-gated channels, consisting
of six transmembrane segments (S1–S6) and a reentrant
pore loop between S5 and S6. However, they lack a charged
S4 segment as voltage sensors, although they are also
activated by membrane depolarization. Their sequence
homology is limited across subfamilies. The structural basis
of the thermal sensitivity comes from several mutagenesis
works. A splice variant lacking a portion of the N-terminal
retains heat but not agonist responses (3). Swapping the
C-terminal domains between TRPV1 and TRPM8 reversed
their hot and cold sensitivity (4,5). High throughput mutant
screening identified the outer pore region of TRPV3 and
TRPV1 to be important for heat activation (6,7). Mutations
in the inner-pore of TRPV1 also impacted its heat response
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Lately, the pore turret of TRPV1 was claimed to be part
of temperature sensors (10). However, the turret region
studied by Yang et al. (10) is absent in TRPV3 and could
be deleted in TRPV1 (11), which argue against a critical
role for the turret in thermal gating.
For understanding protein functions, measurements of
energetics of activation are essential. They are particularly
important for temperature-gated ion channels, which involve
large enthalpy changes during opening (12–17). The
measurement of the energetics for temperature gating
has been challenging because the experimental changes
from ambient temperature are too slow to follow an activa-
tion time course. To alleviate the problem, Liu et al. (15)
resorted to single-channel analysis at equilibrium to obtain
kinetic information. Alternatively, the thermal sensitivity
of voltage-driven responses was measured (16–18). These
studies have led to thermodynamic understanding of temper-
ature-dependent gating of the channels. However, both
approaches have limitations. For technical reasons, single-
channel recording at the full activation temperature range
(40–50C) is difficult to perform. The single-channel activity
of thermal gating only (i.e., at hyperpolarization potentials) is
low so that only kinetics at depolarization has been analyzed.
The voltage-driven responses convolve both temperature-
and voltage-dependent gating, the separation of which
requires explicit knowledge on how different stimuli interact
with each other. In addition, the voltage-dependent responses
were generally not measured at the full activation tempera-
ture range, but typically at <40C for TRPV1, where the
activation of temperature sensors is rather limited.
To explain thermal gating of TRP channels, two types
of competing models have been proposed. Voets et al.
(17,19) showed that changing temperature significantly
shifts the midpoint of the voltage-dependent gating curve.doi: 10.1016/j.bpj.2010.07.022
FIGURE 1 Rapid activation of TRPV1 by temperature. (A) Temperature
pulses generated by infrared diode laser irradiation. Each pulse had a dura-
tion of 100 ms and a rise time of 0.75 ms. Temperature within a pulse had
fluctuations <1%. (B) Channel responses evoked by rapid temperature
jumps. (C and D) Activation time course of capsaicin and low pH. Agonists
were applied by fast solution exchange with a time resolution of ~0.5 ms.
(E) Mean half-activation times for different stimuli. Temperature had
t1/2 ¼ ~6 ms at 51C, more rapid than low pH (~40 ms) and capsaicin
(~114 ms). (F) Maximum responses of temperature versus capsaicin.
Temperature evoked a current approximately half that of capsaicin (10 mM)
(n¼ 10). Temperature at the beginning of 10 mM capsaicin pulse was 23C.
1744 Yao et al.They proposed that temperature opens the channel through
voltage sensors. In contrast, Brauchi et al. (16) and Matta
and Ahern (18) showed that similar data can also fit to
a Monod-Wyman-Changeux (MWC)-type allosteric model
with independent stimulus sensors. For cold receptors
TRPM8, Latorre et al. (20) observed a temperature-indepen-
dent Cole-Moore shift of voltage activation, suggesting that
voltage sensors move separately from temperature sensors.
A direct test for the two models would be to examine
whether hyperpolarization of the membrane prevents
channel opening via chemical or thermal energy. For ligand
gating, Matta and Ahern (18) showed, using steady-state
measurements in the presence of high concentrations of
agonists, that the channels could open, thus supporting the
MWC model (i.e., independent gating sensors). However,
similar data are still lacking for temperature gating.
Here we present direct, time-resolved measurements of
heat activation of TRPV1 channels over a full activation
range (~40–55C) at both hyperpolarizing (60 mV) and
depolarizing (þ60 mV) potentials. We determined the
kinetics of both activation and deactivation in response to
submillisecond temperature jumps, and from the measure-
ments we constructed the energy landscape of gating by
heat (with minimum charge movement). By comparing the
energetics of thermal gating in absence and presence of
membrane depolarization or chemical agonists, we then ad-
dressed whether voltage sensors are directly or allosterically
coupled to gate opening and whether different stimuli are
independent from each other and contribute their energy
additively. Finally, we discuss the implications of our data
on possible models of gating such as those that have been
proposed for thermal TRP channels.Data were recorded in outside-out patches from transiently transfected
HEK293 cells at 60 mV.
MATERIALS AND METHODS
See the Supporting Material.RESULTS
Rapid activation by temperature
To obtain fast temperature jumps, we used an infrared laser
diode as a heat source with light brought to the samples
through an optical fiber. By restricting laser illumination
to single cells, the system could readily achieve a tempera-
ture jump >60C under a millisecond (21). Fig. 1 A illus-
trates a typical temperature jump recorded with an open
pipette where the current through the electrode was used
to calibrate the temperature at the tip. The temperature
jumped from 23 to 53C in 0.75 ms. To make a step of
temperature we modulated the laser output to maintain
a constant electrode current.
Fig. 1 B illustrates the response of TRPV1 evoked by a
family of temperature steps at 60 mV. Significant activity
began above ~40C, consistent with the threshold of
steady-state measurements. After a temperature step, activa-Biophysical Journal 99(6) 1743–1753tion proceeded with an exponential rise. Once above the
threshold, a small rise of temperature-induced large increases
in both activation rates and steady-state currents. The
response reached saturation at temperatures above 50C,
and activation had a time constant of 65 1 ms (n ¼ 15).
For comparison, we measured the rates of activation of
the channel by ligands (Fig. 1, C and D). Capsaicin at
10 mM evoked a response with a time constant of 110 ms.
When combined with pH 5.5, activation accelerated to
~30 ms. Low pH alone produced a biexponential response
where the fast component was ~23 ms and the slow one
was >200 ms. Fig. 1 E compares the half-activation times
for different stimuli. Temperature was the fastest stimulus
to activate the channel. The response of capsaicin from
inside-out patches had t1/2 ¼ 885 7 ms (n ¼ 8), indicating
that the diffusion across membranes is not rate-limiting for
its slow activation.
In contrast to wide dynamic range of the activation time
course, the steady-state dynamic range was more limited.
Fig. 1 F compares the maximum currents in response to
Time-Resolved Temperature Gating 1745a temperature pulse alone (51C) or in combination with
capsaicin (10 mM). The pure temperature response was
approximately half of that after addition of capsaicin,
similar to that previously reported (22). Thus, temperature
alone could not fully open the channel (at hyperpolariza-
tion) but capsaicin increased the net open probability.
Energetics of heat activation
From the activation time course we estimated the energetic
landscape of temperature gating. Data at a negative holding
potential (60 mV, Fig. 2 A) were first analyzed. To
quantify the temperature dependence of the steady-state
response, we fit it to a Boltzmann equation (extended to
incorporate a leakage current and the temperature depen-
dence of unitary conductance)
I ¼ Ile
DHl
RT þ Imaxe
DHiRT
1 þ eDGRT ;
where the first term accounts for the leak and the second for
channel activity (I values are for currents, DH results forenthalpy of thermal dependence and DG ¼ DHTDS
for free energy of channels between closed and open) and
RT ¼ 0.59 kcal/mol at 23C. Fig. 2 B shows that the model
fit the responses at all temperatures and that the leakage was
small compared to the channel current. From the fit we
estimated the enthalpy and entropy changes between
closed and open to be DH ¼ 101 5 4 kcal/mol and DS ¼
315 5 12 cal/mol$K, respectively (n ¼ 20), in agreement
with single-channel measurements (15). For comparison,
the electrical energy for a unit charge moving through
a potential of 100 mV is 2.3 kcal/mol, so the enthalpy
change involved in temperature activation is energetically
equivalent to ~43 elementary charges across 100 mV.
The time course of the temperature response was fit by
a single exponential (Fig. 2 A, dotted lines). Fig. 2 C shows
an Arrhenius plot of the time constants. The plot was
approximately linear at high temperatures, supporting the
presence of a significant energy barrier between closed
and open states. At low temperature, the relationship was
sublinear or saturating, but the slow rise times rendered
the exponential fitting less robust.FIGURE 2 Energetics of temperature gating. (A)
Activation time course of temperature, fit by either
a single exponential (dot) or a two-state model
(solid). Temperatures were (C, from top to
bottom): 37.4, 40.2, 42.9, 45.8, 48.4, 50.9, and
53.4. (B) Temperature dependence of the steady-
state response. The solid line represents an
extended Boltzmann fit (see text). Leak (dash-
dotted lines) and the channel activity (dotted lines).
The fit corresponds to DH¼ 1015 4 kcal/mol and
DS¼ 3155 12 cal/mol$K (n¼ 20). (C) Arrhenius
plot of activation time constants (square for expo-
nential fit and triangle for model fit). (Solid circles)
Actual opening rate constants from the model,
which had DH ¼ 85 5 4 kcal/mol and DS ¼
245 5 11 cal/mol$K (n ¼ 20). (D) Enthalpy and
entropy coupling. Each point represents an indi-
vidual patch. (E) Enthalpy, entropy, and free
energy landscapes of temperature gating, averaged
from the model fits (n¼ 20). The symbolsC, z, and
O represent the closed state, the transition state,
and the open state, respectively. (Error bars)
Mean 5 SD of the c2 fit for panels B–D or the
number of experiments for panel E.
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FIGURE 3 Temperature independence of channel deactivation. (A)
Deactivation time course at room temperature. (Top) Temperature step;
(bottom) channel response. Cooling was <1 ms from 52 to 23C. (Inset)
Initial decrease of channel currents due to temperature-dependent changes
of unitary conductance. (B) Deactivation time course at 37C. Cooling from
52 to 37C was <1 ms. (C) Single exponential fits of the deactivation time
course (tz 4 ms at room temperature and ~8 ms at 37C). (D) Statistical
plots of deactivation time constants (left) and initial changes of currents
measured before and 1 ms after cooling (right). The time constant had
Q10 ~ 1.5, and the current was ~1.3. Data were recorded from outside-out
patches at 60 mV.
1746 Yao et al.To translate time constants into rate constants, we
explored specific kinetic models. We found that a simple
two-state model (Scheme 1) was able to fit the responses
globally at all temperatures (Fig. 2 A, solid lines). The
gating of TRPV1 is known to be multistate as evident
from single-channel activity (15), suggesting that the model
describes only the major energetic changes of activation.
Temperature mainly drives the opening rate of the model,
consistent with the finding from modeling of thermal sensi-
tivity of voltage responses (17). The closing rate had a
nominal but negative temperature dependence (Q10 z 2).
The activation enthalpy for the opening rate was DH ¼
855 4 kcal/mol (n ¼ 20). This value was close to the equi-
librium enthalpy change between closed and open states,
indicating that the opening of the channel alone could
account for the temperature dependence of the steady-
state response. The transition entropy was DS ¼ 245 5
11 cal/mol$K, assuming a preexponential factor of 106/s
(23). Fig. 2 C shows the Arrhenius plots of the activation
rates and the time constants from the model. Because the
closing rate was significant, the time constant exhibited an
apparent temperature dependence profoundly lower than
the actual activation rate constant.
With the measurements of both equilibrium and activation
enthalpy and entropy, we constructed the energy landscape
for temperature gating. A basic feature of the energetics is
that the enthalpy and entropy changes are precisely coupled
(Fig. 2 D), where a variation in enthalpy causes a concomi-
tant change in entropy so that they can cancel with each
other. Fig. 2 E shows the enthalpy, entropy, and free energy
profiles. Activation had a transition state located toward the
end of the reaction coordinate. The open state, which is
energetically similar to the transition state, involves high
enthalpy and entropy and hence is strongly disordered.
The gating thus evolves from a low enthalpy ordered closed
state to a high enthalpy disordered open state. Despite the
large changes in enthalpy and entropy, the free energy
exhibited only small changes, allowing the channel to gate
at high rates.
Deactivation is temperature-independent
To further test the temperature independence of the closing
rate suggested from the modeling, we measured the deacti-
vation time course. Passive cooling of the solution after
a temperature jump had a time course of ~100 ms, which
was too slow compared to the channel kinetics. To accel-
erate the cooling, we locally perfused the patch with
room-temperature solutions. The perfusion was activated
precisely at the end of a temperature pulse when the laserBiophysical Journal 99(6) 1743–1753diode was switched off. With a piezo-controlled solution
exchange system, we could obtain a time resolution for
cooling from 53 to 23C in ~1 ms. Fig. 3 A illustrates a
resulting temperature pulse and the channel response. Cool-
ing first caused a rapid reduction of current (~43%), which
had a Q10 of ~1.3, consistent with the thermal sensitivity of
unitary conductance (15). The subsequent deactivation
followed an exponential decay with a time constant ~4 ms.
The late phase of deactivation appeared to also involve
a second small and slower component with t z 30 ms.
The overall decay of the current was dominated by the
fast component in the early phase of deactivation.
To resolve the temperature dependence of channel
closing, we needed to measure the deactivation time course
at multiple temperatures. To rapidly cool the solution to a
temperature level above ambient, we introduced a second
laser diode to generate a two-pulse temperature protocol,
where the first diode produced the activation pulse
at >50C, after which the fast perfusion cooled the patch
to ~37C, and then the second diode was activated to
clamp the temperature to the new level. Fig. 3 B illustrates
the dual temperature steps and the resulting channel
response. The deactivation over the second pulse was domi-
nated by an exponential decay with a time constant ~7 ms
(Fig. 3 C). When fitted with two exponentials, it also
resolved a secondary slow component (~33 ms). The overall
Time-Resolved Temperature Gating 1747time-course of deactivation at 37C was thus comparable to
that at room temperature, which supports the model with
a closing rate relatively independent of temperature. It is
also noticed that the deactivation became slower at 37C,
indicating that the closing rate is sensitive to cold, not
heat. Such a negative temperature dependence results from
a decrease in the enthalpy of the channel as occurs in the
activation of cold receptors (16).Voltage depolarization reduces
temperature-dependence
To obtain insight on the interplay between temperature and
voltage, we investigated the activation by rapid temperature
jumps at depolarizing membrane potentials. Two types of
responses were observed: one had a single exponential
rise time, and the other was biexponential. The monoexpo-
nentials tended to occur in excised patches, while the biex-
ponentials were seen mostly in whole-cells and sometimes
in patches. In both cases, the responses exhibited several
characteristic differences from those at hyperpolarized
potentials:FIGURE 4 Effects of voltage on temperature activation. (A) Temperature res
lines) Fits by single exponentials (dot) or a two-state model (solid). (B) Steady-st
to the resting current at room temperature. (Solid line) Boltzmann fit with aver
Arrhenius plot of activation time constants from the exponential (square) or m
to DH ¼ 52 5 2 kcal/mol and DS ¼ 143 5 8 cal/mol$K (n ¼ 9). (D) Tempe
lines) Double exponential fits. (Inset) Expanded view of the fast component
Boltzmann fit had DH ¼ 37 5 3 kcal/mol and DS ¼ 118 5 9 cal/mol$K (n ¼
slow component (left axis, square symbols) and the instantaneous current at the
round symbols). The slow component was linearly fit at high temperatures, yie
fast component was fit to a Boltzmann function, giving DH ¼ 41 5 3 kcal/m
the c2 fit to data in the figure.First, considerable activity occurred below 40C, indi-
cating that the channel had a lower threshold of activation
at depolarizing potentials.
Second, the time course of the response was noticeably
faster.
Third, the current was less temperature-dependent,
showing smaller and more uniform increments between
consecutive temperature steps. Lastly, there was a small
but significant resting current owing to voltage activation
at room temperature.
Fig. 4 A illustrates recordings with a monoexponential
rise time from an outside-out patch at þ60 mV. Boltzmann
fitting of the steady-state response yielded DH ¼ 65 5
6 kcal/mol and DS ¼ 2045 18 cal/mol$K (n ¼ 9) between
closed and open channels (Fig. 4 B). The time course of
activation was also fit to a two-state model with a tempera-
ture-dependent opening rate and independent closing
rate (Fig. 4 A, solid lines), giving an activation enthalpy
and entropy of 52 5 2 kcal/mol and 143 5 8 cal/mol$K,
respectively. These estimates are considerably less than
those obtained at 60 mV, suggesting that activation of
voltage sensors affected the slope in addition to theponse at a depolarizing potential (þ60 mV) in an outside-out patch. (Solid
ate temperature dependence. The last data point on the far right corresponds
age DH ¼ 65 5 6 kcal/mol and DS ¼ 204 5 18 cal/mol$K (n ¼ 9). (C)
odel (triangle) fit. (Solid circle line) Opening rate constant, corresponding
rature response with a biexponential time course from a whole cell. (Solid
during initial activation. (E) Steady-state temperature dependence. The
16). (F) Temperature dependence of the activation time constant for the
end of temperature rise (t ¼ 0.75 ms) for the fast component (right axis,
lding DH ¼ 32 5 1 kcal/mol and DS ¼ 82 5 4 cal/mol$K (n ¼ 16). The
ol and DS ¼ 125 5 10 cal/mol$K (n ¼ 16). (Error bars) Mean 5 SD of
Biophysical Journal 99(6) 1743–1753
FIGURE 5 Effects of chemical agonists on temperature activation.
(A and B) Heat-evoked currents in absence or presence of 0.01 mM capsa-
icin recorded from the same patch. (C) Steady-state temperature depen-
dence. Application of capsaicin reduced both the midpoint and the slope
of the Boltzmann relationship (DH ¼ 48 5 2 kcal/mol and DS ¼ 154 5
6 cal/mol$K with 0.01 mM capsaicin and DH ¼ 110 5 4 kcal/mol and
DS ¼ 3465 13 cal/mol$K under control conditions, n ¼ 10). (D) Compar-
ison of equilibrium enthalpy and entropy changes. Data were recorded in
outside-out patches at 60 mV.
1748 Yao et al.midpoint of the gating curve. Furthermore, depolarization
reduced the enthalpy changes at the two holding potentials
by >30 kcal/mol, and this difference of energy corresponds
to a unit charge traversing 1300 mV, >10 times the actual
potential difference.
The biexponential response also exhibited a reduced
temperature dependence. Fig. 4 D illustrates such record-
ings from a whole cell at þ60 mV. The steady-state currents
remained fit by a single Boltzmann (Fig. 4 E), yielding
DH ¼ 37 5 3 kcal/mol and DS ¼ 118 5 9 cal/mol$K,
respectively (n ¼ 16). These estimates were less than half
of those at 60 mV. The time course of activation required
two exponentials for adequate fitting (Fig. 4 D). The two
components were well separated in kinetics, one on the order
of many milliseconds and the other in the range of submilli-
seconds. Fig. 4 F (square symbols) shows the temperature
dependence of the slow component. Linear fitting of the
Arrhenius plot at high temperature range yielded an activa-
tion enthalpy DH ¼ 32 5 1 kcal/mol and entropy DS ¼
82 5 4 cal/mol$K, which are also smaller than those
obtained at 60 mV.
The fast component in the biexponential responses had
kinetics on the margin of instrument resolution. The inset
in Fig. 4 D shows an expanded view of the onset of the
current (bottom) juxtaposed with the actual temperature
rise (top). Activation of the current started while tempera-
ture was still rising (t < 0.75 ms). Such a rapid response
was not seen at hyperpolarized potentials or in control cells,
suggesting that it is not due to temperature-dependent
membrane capacitance changes. Fig. 4 F (right axis, round
symbols) plots the instantaneous current amplitude at the
end of temperature rise (t ¼ 0.75 ms). The current exhibited
a temperature dependence with DH ¼ 415 3 kcal/mol and
DS ¼ 125 5 10 cal/mol$K. For a Markovian system
perturbed by a step temperature rise, the initial response is
inversely proportional to the time constants. Thus these esti-
mates provide an upper bound for the temperature depen-
dence of the fast component.Agonist binding also decreases
temperature-dependence
The ability of voltage to alter the slope of the temperature
gating curve is unexpected, because in an allosteric protein
the application of one stimulus usually only shifts the acti-
vation threshold of another without changing the intrinsic
properties of the sensors. As a complementary experiment,
we examined whether agonist binding to the channel exerted
a similar effect. Fig. 5, A and B, illustrates temperature
responses under control conditions and in the presence of
0.01 mM capsaicin. The agonist was applied by local perfu-
sion immediately before the temperature jump. Capsaicin
alone at this concentration evoked little activity. Fig. 5 C
compares the steady-state temperature dependence at the
two conditions. In the absence of agonist, the channel hadBiophysical Journal 99(6) 1743–1753a temperature dependence with DH ¼ 110 5 4 kcal/mol
and DS ¼ 3465 13 cal/mol$K (n ¼ 10). After application
of capsaicin, the enthalpy and entropy changes dropped to
DH ¼ 48 5 2 kcal/mol and DS ¼ 154 5 6 cal/mol$K
(n ¼ 10) and the half-activation temperature shifted to
39.9C from 44.3C for controls. The binding of agonists
thus had a similar effect to depolarization, both of which
were able to reduce the large energetic changes normally
involved in thermal sensing.Is activation of voltage sensors required
for temperature gating?
To address whether gating by temperature requires activa-
tion of voltage sensors, we examined temperature responses
at extreme potentials. Fig. 6 A illustrates recordings at
both room temperature and 51C in response to voltages
stepped from 140 to þ140 mV. The steady-state currents
strongly rectified at both temperatures (Fig. 6 B). At 23C,
the channel exhibited no detectable activity upon hyperpo-
larization. However, at 51C, significant currents remained
at voltages up to140 mV, indicating that hyperpolarization
did not prevent temperature gating. Fig. 6 C compares
the G-V curves. At 23C, the curve was fit to a Boltzmann
equation with z ¼ 0.67 5 0.02 and V1/2 ¼ 115 5 1 mV
(n ¼ 12). At 51C, the fit became z ¼ 0.67 5 0.03 and
V1/2 ¼ 143 5 2 mV. The change of temperature mostly
affected the midpoint of the Boltzmann without signifi-
cantly altering the charge movement, consistent with
FIGURE 6 Temperature activation under extreme hyperpolarization.
(A) Whole-cell currents evoked by temperature at different potentials.
Voltage pulses from 140 to þ140 mV in 20 mV increments were applied
from a holding potential of 60 mV. During each voltage pulse, a tempera-
ture step for 100 ms from room temperature to 51C was presented.
(B) Current-voltage relationship (n ¼ 12). (C) Normalized steady-state
conductance-voltage relationship. The Boltzmann fits correspond to z ¼
0.675 0.02 and V1/2 ¼ 1155 1 mV for 23C, and z ¼ 0.675 0.03 and
V1/2 ¼ 143 5 2 mV for 51C. The fitting function has a form of y ¼
A2þ(A1A2)/{1þexp[(xx0)/dx]}(the variables have their standard defini-
tions). (D) Whole-cell responses of capsaicin (10 mM) at different potentials
from 300 to þ20 mV. Capsaicin was included in the pipette solution.
(E) Current-voltage relationship in presence of capsaicin (n¼ 6). (F) Replot
of the I/V curve in the extreme hyperpolarization region on a logarithm
scale. (Smooth lines) Fits to the following functions: (shaded line) I ¼
exp[z(VV1/2)], (shaded dot) I ¼ exp[z(VV1/2)] $V, (solid line) I ¼ c þ
exp[z(VV1/2)], and (solid dot) I ¼ [cþexp[z(VV1/2)]]$V, which differ on
whether hyperpolarization completely inhibits the channel and whether the
unitary conductance is voltage-dependent at very negative potentials. (G)
Normalized conductance-voltage relationship. The solid curve was con-
structed with a linear I/V relationship for the unitary current over entire
voltages, whereas the shaded curve assumed a linear relationship for
voltage>80mVand a constant unitary current at more negative potentials.
The Boltzmann fits correspond to z¼ 0.605 0.02 andV1/2¼1245 2mV
(solid) and z ¼ 0.625 0.02 and V1/2 ¼ 1265 3 mV (shaded).
Time-Resolved Temperature Gating 1749previous studies of voltage gating at moderate temperatures
(16–18). The leftward shift of the normalized conductance-
voltage curve along the voltage axis with increase of
temperature is similar to that observed with the cold-sensi-
tive TRPM8 channels and suggests that the open state of
TRPV1 is strongly disordered (16).
While there was a vigorous response to temperature
with extreme hyperpolarization, the I/V plot shows that
the current was inward-rectified at 140 mV (Fig. 6 B).
Recordings at more negative potentials were unsuccessful
for the difficulty of maintaining high-resistance seals. As
an alternative, we examined capsaicin responses at room
temperature. In these experiments we could hyperpolarize
to 300 mV (Fig. 6 D). Fig. 6 E shows that for voltages
more positive than 140 mV, the resultant I/V relationship
resembled that at high temperatures. However, at more
negative potentials the current rectified to a plateau. The
I/V behavior of the unitary current rectifies and becomes
flat when the voltage is more negative than 80 mV (24).
Thus the response with capsaicin between 140 and
300 mV suggest that the channel has a finite open proba-
bility (Po) in the absence of a significant charge movement.
Fig. 6 F further quantifies the tail region of the I/V plot as
fitted by four different models that differ on whether the
Po of capsaicin was fully inhibited by hyperpolarization
and whether the unitary current amplitude was constant or
linearly increased with voltage. An adequate fit was only
obtained with a nonvanishing Po and a voltage-independent
unitary current. The result thus supports independent gating
for voltage and agonists (18). The G-V curves in Fig. 6 G
show that the agonist predominantly shifted the midpoint
of the Boltzmann fit, similar to the effects of high tempera-
ture. Because significant responses persisted under strong
hyperpolarization for both capsaicin and temperature, the
activation of voltage sensors is not necessary for channel
gating.DISCUSSION
We have presented a kinetic and energetic analysis on
thermal activation of TRPV1 channels. Different from
previous studies, we here directly measured the activation
and deactivation time kinetics, from which we then con-
structed the energy landscape of thermal gating. The
measurements were performed under a hyperpolarizing
potential (60 mV), alleviating complications from voltage
gating. According to the energy landscape, temperature
mainly drives the opening rate of the channel while the
closing rate has nominal but negative temperature depen-
dence (i.e., it is sensitive to cold). Between the open and
closed conformations, the channel differs in enthalpy by
~100 kcal/mol, (170$RT, T ¼ 25C), which is equivalent
to an electrical energy of moving 71 unit charges across
60 mV or melting of 10 phospholipids (25). The gating
by temperature thus involves large energetic changes. ItBiophysical Journal 99(6) 1743–1753
1750 Yao et al.evolves from a low enthalpy and entropy closed-state to
a high enthalpy and strongly entropic (disordered) open-
state. Because the closing rate is relatively independent of
temperature, the open state of the channel is energetically
similar to the transition state (Fig. 2 E). The channel
becomes open only at the very end of the large energetic
change. Despite a large amount of energy involved, activa-
tion by temperature (thermal energy) occurs on a timescale
of milliseconds, because the entropy change mostly
canceled the enthalpy change, leaving the free energy differ-
ence quite moderate.
To elucidate polymodal gating of the channel, we further
examined thermal gating under perturbations by other
stimuli. Both the application of agonists and the depolariza-
tion of membranes reduced the enthalpy change between
the closed and open states. The reduction was nearly half
(~40 kcal/mol) of that found for thermal activation alone,
and was significantly beyond the contribution of the binding
energy of agonists or the electrical energy of voltage sensors.
Hyperpolarization of membranes down to 140 mV did
not prevent channel opening evoked by heat. Similar to
observations at moderate temperatures (16–18), increasing
temperature above thermal activation threshold (>40C)
remained to mainly shift the midpoint of the voltage-depen-
dent gating curve without changing the effective gating
charges. Because a large enthalpy change is a hallmark of
thermal gating, its profound reduction by chemical agonist
or voltage imply that there may not be an independent
sensor for temperature but instead, support that thermal
sensing is coupled to agonist binding or charge movement
(see below).
Thermal gating of TRPV1 has been previously studied by
analysis of single-channel kinetics (15) and thermal sensi-
tivity of voltage responses (16–18). By modeling of voltage
gating at different temperatures, Voets et al. (17) reached the
same conclusion that the opening rate of the channel is
temperature-dependent. Single-channel analysis demon-
strated that the gating by temperature involves complex
kinetics with multiple closed and open states. Temperature
has an effect mainly on the long closures while other
short closures and openings have nominal temperature
dependence. These kinetic features are consistent with
the macroscopic observation that temperature drives the
opening of the channel and suggests that the single-channel
long closures are the microscopic origins that determine the
activation time course. The burst durations of single-channel
activity are also strongly temperature-dependent, but the
open and closed components within the bursts are instead
temperature-independent, suggesting that the apparent
temperature dependence of the bursts is a secondary effect,
arising from a shift in the occupancy of populations instead
of changes of elementary opening and closing rates (15).
Our finding of negative temperature dependence of the
closing rate was opposite to that from modeling of thermal
sensitivity of voltage responses (17). Single-channelBiophysical Journal 99(6) 1743–1753kinetics showed both positively and negatively tempera-
ture-dependent openings and closures. The data in this
article suggest that those components with negative temper-
ature dependence have a dominant role in the deactivation of
the channel.
The energetics we estimated from direct temperature
responses corroborate the previous findings based on
single-channel and voltage-dependent measurements. That
is, the gating by temperature involves large yet compensa-
tory enthalpy and entropy changes. Quantitatively, our
estimates are in the range of those from single-channel equi-
librium analysis of long closures, though lower than the esti-
mates from open probability (15). They are approximately
two-times greater than the estimates extracted from voltage
responses at different temperatures (17,18). The differences
likely occurred for several reasons. One is that as we have
shown, the temperature dependence of the channel varied
with the membrane potential and is higher at hyperpolariza-
tion than at depolarization. Because voltage activation of the
channel occurs at depolarization potentials, the voltage-
dependent measurements will be intrinsically biased toward
lower temperature dependence. In addition, the thermal
sensitivity of voltage responses was typically measured at
a moderate temperature range (<40C). If the temperature
dependence of channel opening follows a Boltzmann curve,
such measurements provide access to the curve only at the
lower plateau region. This again could give rise to underes-
timation of temperature dependence.
In lieu of complex single-channel kinetics, our descrip-
tion of thermal activation with a two-state model is clearly
an oversimplification (15,16,26–28). The model provides
an approximation only for the major rate-limiting steps
and is valid under restricted conditions such as hyperpolar-
ization. Thus it should be considered more as a means for
summarizing data rather than a general mechanism for
gating. Nonetheless, its ability to globally fit the time
course across the full activation temperature range suggests
that the activation by heat at hyperpolarization involves a
distinct rate-limiting step. This step likely corresponds to
the activation of thermal sensors because the intrinsic
gating for conformational change of the channel occurs
on a relatively fast timescale (15,27). Thus, the energetics
we extracted from the time course of opening should
reflect the energetics of thermal sensing. This may also
be illustrated more concretely with a three-state model,
C1-C2-O, where the first step is driven by temperature
while the second is responsible for gate opening. Such a
multistate model can produce a monoexponential activation
time course if the transitions between the two activated
states C2 and O are rapid and relatively temperature-
independent. Under such conditions, the slow time constant
is given by
t ¼

k1 þ b
a þ bk2
1
;
Time-Resolved Temperature Gating 1751where k1 and k2 are the rate constants between the first two
states, and a and b between the activated states. This time
constant has a form similar to that of a two-state model
in terms of temperature dependence. Consequently, the
approximation of the activation time course by a two-state
model would not significantly alter the estimate of the
temperature dependence, though the rate of closing may
be underestimated.
Although our study focused on time-resolved measure-
ments of temperature gating and such measurements are
inadequate for construction of an unequivocal gating
mechanism, they nevertheless provide important restrictions
on possible gating models. In particular, the strong depen-
dence of thermal sensitivity on other stimuli seems to be
difficult to reconcile with models assuming independent
stimuli. For example, Voets et al. (17) describes the inter-
play between temperature and voltage by a two-state model
according to the Boltzmann relationship
Po ¼ 1
1 þ exp

 zFV þ DH
RT
þ DS
R
;
where zFV is the electrical energy, and DH and DS are the
voltage-independent enthalpy and entropy changes between
the closed and open states. The equation predicts that the
addition of an electrical energy will offset the apparent
enthalpy change between the closed and open channels.
Thus, the model could potentially allow for a change in
temperature dependence by membrane potentials. Quan-
titatively, however, the enthalpy change was estimated
~100 kcal/mol at 60 mV and ~60 kcal/mol at þ60 mV,
giving a difference that was far larger than the contribution
of electrical energy (zFV), which was only ~2 kcal/mol for
zz 0.7. Thus, the electrical energy from charge movement
was too insignificant to alter the enthalpy or temperature
dependence of the channel, although it may perturb the
free energy of gating. The voltage sensors necessarily exert
an allosteric effect on thermal gating.
A more general mechanism for thermal TRP channels is
the MWC model (16,18), which assumes that the channel
has distinct structural domains as sensors for different
stimuli and these domains are independent of each other
but all allosterically coupled to a common gate. For
TRPV1, the model has been shown to fit the polymodal
responses of the channel over a moderate temperature range
(<40C) (18). In general, a MWC model with independent
stimuli predicts that one stimulus influences the response to
another by mainly shifting the midpoint of the dose-
response curve without changing the slope of the curve
(29). This feature of the model is consistent with the thermal
effects on voltage gating, which involve predominantly
a shift in the half-activation voltage (V1/2). However, it is
inconsistent with the voltage or agonist effects on thermalgating, which involve not only a shift in T1/2 but also a signif-
icant change in slope.
As a more extensive test, we attempted a direct fitting of
our data with a MWC model (Scheme 2). The data includes
two temperature-dependent response curves at 560 mV
(Fig. 2 B and Fig. 4 B) and two conductance-voltage
(G-V) curves at room temperature and 51C, respectively
(Fig. 6 C). The model either has independent sensors
(E ¼ 1) or allows for coupling between sensors (E s 1).
Furthermore, it is constrained to have a partial opening
(Po ~0.5) for temperature responses at hyperpolarization
(Fig. 1 F). Fig. 7 summarizes the best fits in each case.
Neither model gave a perfect fit, but the coupled model
was considerably improved. The independent model
(dashed lines) fitted the G-V curve at the high temperature
and the thermal response curve at depolarization but signif-
icantly deviated from the other two curves. The coupled
model (solid lines) fitted most parts of the data except under-
estimating the thermal response curve (þ60 mV) at the high
temperature end. Notably, both models resulted in the same
estimates on the energetic of the thermal sensor (DH ¼
85 kcal/mol), which is also close to our estimate using
Scheme 1. It is also interesting that, according to the fit,
the thermal sensor is more tightly coupled to the voltage
sensor (E ¼ 78) than to the gate of the channel (C ¼ 7).
Fig. 7 C shows the temperature dependence of channel
opening predicted by the independent MWC model that
has been successful in fitting voltage responses at moderate
temperatures (18). The model significantly overestimated
the maximum opening while underestimated the steepness
of temperature dependence. Thus, it appears that the inde-
pendent model, although adequate to explain thermal sensi-
tivity of voltage gating, is inadequate to describe the direct
thermal gating at high temperatures.
A coupled model implies that the activation of thermal
sensors may reciprocally influence the movement of voltage
sensors. However, by analysis of Cole-Moore shift of
voltage activation of TRPM8, Latorre et al. (20) observed
that the early transitions of voltage sensors are relatively
independent of temperature. There may be several explana-
tions for the observation, albeit of an interaction between
voltage and temperature sensors.Biophysical Journal 99(6) 1743–1753
FIGURE 7 Fits of a MWC model
(Scheme 2). (A) Temperature-depen-
dent response curves at 560 mV. (B)
Conductance-voltage curves at room
temperature and 51C. The experi-
mental data (symbols) were taken from
Figs. 2 B, 4 B, and 6 C with corrections
for temperature-dependent changes of
unitary conductance. (Dashed lines)
Fits by an independent model (E ¼ 1)
and (solid lines) coupled model
(E ¼ 78). (C) Fit of the independent
MWC model derived from voltage
responses at different temperatures
(18). (Solid lines) Open probability
(Po) and (dashed lines) normalized Po
(top and right axes). We use solid representation for the fits from the above coupled model and shaded representation for the model of Matta and Ahern
(18). Po was calculated at60 mV. Fitting function: y/yx¼ 1/[1þ L1(1þ Jþ Kþ JKE)/(1þ JDþ KCþ JKCDE)] (see Scheme 2 for definitions of model
parameters) where J ¼ exp[zF(VV1/2)/RT] and K ¼ exp[DH/R*(1/T1/T1/2)]. Different scaling factors (yþ and y) were used for temperature-dependent
curves at560mVin panelA, but the same scaling factor (yv)was used for the twoG-V curves in panelB (theyweremeasured in same cells). The fits correspond
to (independent): L¼ 8e-6, C¼ 94, D¼ 2e5, E¼ 1, z¼ 0.4, V1/2¼ 313 mV, DH¼ 85 kcal/mol, T1/2¼ 49C, y ¼ 2, yþ ¼ 1.2, and yv¼ 1.3; and (coupled):
L ¼ 2e-6, C ¼ 7, D ¼ 1.2e5, E ¼ 78, z ¼ 0.5, V1/2 ¼ 147 mV, DH ¼ 85 kcal/mol, T1/2 ¼ 51C, y ¼ 2, yþ ¼ 1.5, and yv ¼ 1.6.
1752 Yao et al.1. There may not be a distinct thermal sensor domain in
the channel. In the MWC formalism, the thermally sensi-
tive step may coincide with the concerted opening, in
which case changing temperature will not affect the
movement of voltage sensors in the closed conforma-
tions.
2. The coupling may be thermally dependent. As depicted
in Scheme 2, the coupling factor E influences both tran-
sitions of thermal sensors at depolarization (C014 C11)
and voltage sensors at high temperature (C10 4 C11).
To confer a lower temperature dependence of open-
ing at depolarization, E necessarily has a negative
enthalpy so that the equilibrium constant E$KT is less
temperature-dependent than KT alone. As a result, the
charge movement between C10 and C11 will also be
temperature-dependent but sensitive to cold instead of
heat. As temperature is increased, the transition C10/
C11 is disfavored, and the activation by voltage will
remain to move between C00 and C01, which will render
the Cole-Moore delay to be seemingly invariant to
temperature.
3. The activation of voltage sensors may involve multiple
steps and only the later steps influence thermal sensors.
Conversely, the activation of thermal sensors will also
alter the later steps of the activation of voltage
sensors, which may not be rate-limiting to the Cole-
Moore delay.CONCLUSIONS
This work is only beginning to unravel the complexity of
thermal gating of the channels, and additional studies will
be necessary to understand the nature of such interactions
as well as the general mechanism of gating.Biophysical Journal 99(6) 1743–1753SUPPORTING MATERIAL
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